Western hemlock (Tsuga heterophylla (Raf.) Sarg.) is a major commercial tree species in western Oregon and Washington and is often associated with coast Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco var menziesii) and other species in coniferous forests of the Coast Ranges and Cascade Mountains. Growth of Douglas-fir in many coastal forests has been negatively affected by Swiss needle cast (SNC), a foliar disease caused by the ascomycete Phaeocryptopus gaeumannii (T. Rohde) Petr. and characterized by premature foliage loss on severely infected Douglas-fir trees. The effect of SNC on stand dynamics in mixed Douglas-fir-western hemlock stands was tested by constructing a diameter increment model for western hemlock that quantified its growth response to varying SNC severity in Douglas-fir. Diameter increment of western hemlock in any given growth period increased with increasing initial SNC severity as measured by Douglas-fir foliage retention (FR), here defined as the number of annual needle cohorts held by the tree. Furthermore, a decline in Douglas-fir FR during the growth period was associated with an additional increase in diameter increment of western hemlock trees. Assuming no change in FR over the growth period, western hemlock trees in stands with severely impacted Douglas-fir (initial FR ≤1.5 years) averaged 79 per cent greater diameter growth than that in relatively healthy stands (initial Douglas-fir FR ≥3.5 years). The implied annual diameter growth response of a western hemlock with initial diameter at breast height of 10, 20, 30 or 40 cm was 0.29, 0.52, 0.65 and 0.68 cm year 21 , respectively. Compensatory growth by western hemlock in mixed-species stands alters stand dynamics by allowing this species to surpass the growth of Douglas-fir experiencing severe SNC.
Introduction
Western hemlock (Tsuga heterophylla (Raf.) Sarg.) is a major commercial tree species in coastal forests of the northwestern US and southwestern Canada (Packee, 1990) . This native conifer exhibits rapid growth and accumulates large stand-level stem volumes due to its relative shade tolerance, rapid height growth and long lifespan. In mixed-species stands, western hemlock most commonly grows with Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco var menziesii), Sitka spruce (Picea sitchensis (Bong.) Carrière), western redcedar (Thuja plicata Donn ex D. Don), grand fir (Abies grandis (Douglas ex D. Don) Lindl.) and/or red alder (Alnus rubra Bong.). The coast variety of Douglas-fir (var. mensiezii) is limited to coastal regions of the US and Canada, and it is the variety that has been planted in a number of locations around the world. Because Douglas-fir historically has had greater economic value than western hemlock and any other associated species, it has traditionally been the preferred species within its range of coastal western North America. The proportion of Douglas-fir planted in the coastal fog belt increased in the latter half of the twentieth century and may have been a contributing factor to the current epidemic of Swiss needle cast (SNC), a foliar disease of Douglas-fir caused by the endemic ascomycete Phaeocryptopus gaeumannii (T. Rohde) Petr. (Hansen et al., 2000) . Based on dendrochronological methods, Black et al. (2010) concluded that the epidemic intensified during the mid-1980s, but Lee et al. (2013) suggested that intensification of SNC has been cyclical at least since the 1590s. In some areas of severe SNC, Douglas-fir plantations have failed, and in other areas, this species has become a smaller component within stands due to a decline in diameter and height growth and subsequent overtopping by associated species. With the continued prevalence of SNC, with the apparent compensatory growth response of western hemlock (e.g. Zhao et al., 2013) , and with the increasing relative economic value of the latter species (Oregon Department of Forestry, 2014) , private and public landowners within the coastal belt of the Oregon Coast Ranges have shown increasing interest in western hemlock.
Numerous silvicultural strategies have been considered as a means of mitigating the growth losses suffered by Douglas-fir in the presence of SNC, including thinning (Mainwaring et al., 2005a) , fertilization (Mainwaring et al., 2005b) , use of genetically tolerant trees (Johnson, 2002a; Temel et al., 2005) and fungicidal treatment (Mainwaring et al., 2002; Mainwaring et al., 2009) . Although these strategies have shown some potential for mitigating growth losses, support for accommodating non-susceptible species such as western hemlock has gained momentum due to the abovementioned decline in value differential, continued growth losses in Douglas-fir and the fluctuating but generally increasing prevalence of the pathogen throughout the Oregon Coast Ranges landscape (Kanaskie and McWilliams, 2012) .
In healthy mixed stands of Douglas-fir and western hemlock, Douglas-fir generally exhibits greater early height growth and becomes the dominant species within an even-aged, stratified stand (Wierman and Oliver, 1979) . Because western hemlock is shade tolerant, it can persist and grow below the main canopy. In SNC-impacted stands that have suffered significant Douglas-fir foliar loss (foliage retention (FR) ≤1.5 years), leaf area index of Douglas-fir has declined up to 31 per cent relative to healthy stands (initial Douglas-fir FR ≥3.5 years) (Weiskittel and Maguire, 2007) . This degree of Douglas-fir foliar loss in mixed stands would be expected to evoke compensatory growth in western hemlock for two reasons: (1) greater light penetration through the upper Douglas-fir canopy enhances light availability to subordinate species and (2) loss of foliage results in diminished height growth (Garber et al., 2007) and reduced crown expansion of Douglas-fir (Weiskittel, 2003) , thereby lowering its ability to compete with non-susceptible species.
The objectives of this study were as follows: (1) to test the hypothesis that increasing SNC severity in mixed-species stands stimulates compensatory growth in western hemlock and (2) to quantify western hemlock compensatory growth as the degree of diameter growth release in mixed stands with varying SNC severity. In pursuit of these two objectives, a diameter increment model for western hemlock (Hann et al., 2003) was modified and fitted to data from a growth impact study (GIS) and from control plots on two thinning studies (Mainwaring et al., 2005a) implemented by the Swiss Needle Cast Cooperative (SNCC). SNC effects were represented by two separate covariates, initial Douglas-fir FR at the start of the growth period and periodic annual change in FR over the same growth period. This study aimed to describe the compensatory growth of western hemlock and associated changes in stand dynamics imposed by SNC, with the ultimate goal of assisting silvicultural decision-making in mixed stands of western hemlock and Douglas-fir experiencing a range in SNC severity.
Methods

Studies
Data for this study were compiled from three ongoing studies established by the SNCC to investigate Douglas-fir growth losses associated with SNC and to test for interaction effects between thinning and initial SNC on both growth responses and subsequent change in SNC severity (Table 1) . Plots were established in predominantly Douglas-fir stands across a range in topographic position and initial SNC severity. Latitude ranged from 43.5 to 46.228N, longitude from 124.06 to 122.298W and elevation from 14 to 312 m above sea level. Over the last 40 years, the mean January (coldest month) minimum temperature for this region was 08C and the mean July (warmest month) maximum was 258C. Total annual precipitation averaged 150-300 cm, with 70 per cent of the total falling between October and March.
Growth Impact Study plots were established in the winter and spring of 1998 within 76 Douglas-fir plantations in north coastal Oregon. These plots were selected to characterize SNC severity and associated growth impacts within young stands located in the Oregon Coast Ranges . The sample was drawn randomly from a comprehensive list of stands meeting the following criteria: (1) total age between 10 and 30 years, (2) at least 80 per cent Douglas-fir by basal area and (3) geographic location within 29 km of the Pacific Ocean and between latitudes corresponding to the cities of Newport and Astoria.
Pre-commercial Thinning (PCT) plots were established in 23 Douglas-fir plantations to assess the effects of PCTon SNC symptom development and possible growth deceleration (Kanaskie et al., 1998) . In April and May of 1998, 23 paired plots were established within 47 km of the Pacific Ocean and within the same latitudinal range as the GIS.
The Commercial Thinning (CT) Study was designed to test the influence of CT on tree growth and SNC symptom development (Mainwaring et al., 2004 (Mainwaring et al., , 2005b . Plots were established in 30 stands scheduled for thinning and therefore had total ages ranging from 25 to 60 years. The CT plots were chosen to fill a sampling matrix based on three levels of SNC severity ; Curtis, 1982) . Twenty-eight of the stands were in the Oregon Coast Ranges, and two were on the west slope of the Cascade Range. Half of the plots were established prior to the 2002 growing season, and the other half were established prior to the 2003 growing season. Paired 0.20-ha fixed area plots, each with a 21-m buffer, were established in each stand, and one plot was thinned and the other left unthinned as a control. Only the unthinned control plots were used in this analysis.
Plot and tree measurements
In the younger GIS and PCT plantations, all trees with diameter at breast height (DBH) of ≥5 cm were tagged on 0.08-ha permanent plots established in 1998. Trees were re-measured in 2000, 2002, 2004 and 2008 . Diameter at breast height was recorded for all trees, and total height (HT) and height to lowest live branch (HLB) were measured with an Impulse 200 laser hypsometer on a subsample of 40 Douglas-fir trees across the diameter range. This subsample included the 6 largest and 2 smallest Douglas-fir trees by DBH, with the remaining 34 distributed evenly across the DBH range within the plot. If 15 or fewer western hemlock trees occurred on a plot, all hemlock trees were measured for HTand HLB by laser hypsometer. If .15 western hemlock trees occurred on the plot, then the 6 largest and 2 smallest hemlock trees by DBH were measured for HTand HLB and an additional 7 hemlock height-sample trees were distributed evenly across the DBH range within the plot. Where small trees (DBH , 5 cm) were abundant, a 0.02-ha subplot was established in the centre of the 0.08-ha plot and all trees in this smaller size class were measured for DBH. Ten dominant or co-dominant Douglas-fir trees were scored annually in April or May for SNC severity. On each tree, crown length was divided into thirds and FR estimated visually as the number of annual needle cohorts held by the tree (nearest 0.1 year). Tree-level FR was computed as the average of all crown thirds and plot-level retention as the average of all 10 sample trees.
In the CT plots, all trees with DBH of ≥5 cm were tagged on square 0.2-ha permanent plots established during the winter prior to the 2002 All tagged trees were measured for DBH, and a subsample of 40 Douglas-fir trees was measured for HT and HLB. This subsample included the 10 largest Douglas-fir trees by DBH and the 4 smallest by DBH, with the remaining 26 distributed evenly across the DBH range within the plot. On the largest 10 Douglas-fir trees, breast height ages were also obtained by coring the trees. Foliage retention on the 5 -10 largest trees per plot provided an estimate of SNC severity. Due to poorer visibility of crowns on these older, larger trees, binoculars were used to estimate FR to the nearest 0.1 years only in the middle of the live crown on the 5 -10 largest trees on each plot. True precision of FR on some of the largest CT trees may have approached 0.5 years, but 0.1 year was retained as the appropriate precision for the average of 5-10 scored trees per plot.
Statistical analysis
Periodic annual diameter increment of western hemlock was calculated for all tagged western hemlock trees that survived at least two growth periods. Periodic annual increment, in contrast to mean annual increment, facilitated insight into the influence of initial disease intensity on subsequent 2-to 4-year growth rates and corresponding stand dynamics. For those plots that had 10 or more tree height and height to crown base measurements, missing HTs and heights to crown base for western hemlock trees were estimated as a function of DBH by fitting regression models specific to each plot and growth period. For those plots that had ,10 tree height and height to crown base measurements, missing height and height to crown base of individual western hemlock trees were calculated by using equations developed by Johnson (2002b Johnson ( , 2002c . Predictor variables represented initial tree size, relative position of the tree in the stand, stand density, stand age, site quality and SNC severity (see variables defined in Tables 1 and 2 ).
Many biological processes that influence tree growth are inherently nonlinear. However, before a comprehensive multiple regression analyses is performed, it is often not clear whether the marginal effect of a given variable is best represented with or without transformation within a nonlinear model framework. Likewise, linear regression is a suitable tool for modelling growth curves if a linearizing relationship can be found between the key variables (Curtis, 1967) and biologically reasonable shapes can be determined (Trasobares et al., 2004) . Therefore, transformations were tested for all predictor variables in both linear and nonlinear models, including the natural logarithm, square and inverse transformation (Kmenta, 1971) . Preliminary analysis revealed that nonlinear models had more reasonable residual distribution as well as higher accuracy. To account for repeated measures over time, a nonlinear model with a random plot effect was estimated using maximum likelihood by PROC NLMIXED in SAS version 9.2 (SAS Institute, Inc., 2008). Different weighting strategies were also tested on the nonlinear models, and alternative variance-covariance structures were tested on a final linearized form of the model. Final models were chosen on the basis of the root mean square deviation (RMSE), Akaike information criterion (AIC), residual analysis and biological interpretability. All parameter estimates were required to be significantly different from zero at a ¼ 0.05.
For selecting the most suitable regression model, it is generally advisable to use some measure of lack of fit in combination with one or more test statistics (Kozak and Kozak, 2003 ). An independent dataset can provide validation of model accuracy (Kariuki, 2008) . In this study, a subset of 80 per cent of the plots was randomly selected for initial model development and the remaining 20 per cent was set aside for growth model validation (Table 2 ). The models were evaluated quantitatively by examining the magnitude and distribution of residuals on all possible combinations of predictor variables to detect any lack of fit or systematic bias. The following statistics were computed on both the modelling and validation datasets:
where DDBH is the observed diameter increment; D DBH is predicted diameter increment; DDBH is mean measured diameter increment; n is the number of observations; Pseudo R 2 is an analogue to the coefficient of multiple determination; RMSE is the root mean squared error; MD is mean deviation and MAD is mean absolute deviation.
The null hypothesis representing the first objective of this analysis, i.e. that western hemlock diameter increment did not respond to variation in SNC severity in mixed-species stands, was tested by the P-value (a ¼ 0.05) on parameters associated with initial FR and periodic annual change in FR within the final western hemlock diameter growth model (Kmenta, 1971) . If both parameter estimates were significantly .0, then the null hypothesis would be rejected in favour of the alternative hypothesis that lower initial FR and greater periodic decline in retention were correlated Western hemlock growth response with greater western hemlock growth. The second objective, to quantify the effect of SNC intensity and intensification on western hemlock diameter growth in mixed stands (i.e. compensatory growth), was achieved by assessing the final model to depict western hemlock growth as a function of initial FR and periodic annual change in FR.
Results
The initial DBH of western hemlock within this dataset had a large range (5.0-103.4 cm), though most trees had DBH between 10 and 40 cm. Periodic annual diameter increment varied between 0.0 and 3.2 cm year 21 (Table 1 , Figure 1 ). The average annual change in FR (DFR) of Douglas-fir over the multi-year growth periods varied from 20.38 to 0.46 years/year, although the change on most plots ranged from only 20.1 to +0.1 per year (Table 2, Figure 2 ). The following final diameter increment equation for western hemlock required a weight of 1 DBH 22 to homogenize the variance: ); DBH, initial tree diameter of western hemlock subject tree (cm); SI, Bruce 50 years site index (m); CR, crown ratio of western hemlock subject tree; BAL, basal area in trees with larger DBH than subject tree (m 2 ha 21 ); H100, average height of the largest 100 trees per hectare by DBH (m); FR, initial plot mean FR of Douglas-fir (years); DFR, periodic annual change in plot mean FR of Douglas-fir (years/year); b 0 -b 8 , parameters to be estimated from the data; d, random plot effect with dÑ(0, s 2 d ); and 1, random error. The predictor variables represented initial tree size, relative competitive position within the stand, total stand density and SNC severity, and parameter estimates indicated that the direction of each effect was consistent with expectations from silvicultural field trials, other models and stand dynamics observed on these plots (Table 3) . At small initial DBH of individual western hemlock trees, diameter increment increased with increasing DBH but reached a peak and then declined with a further increase in initial DBH of the subject tree. As the social position in the stand declined (increasing BAL), western hemlock diameter growth declined. The null hypothesis that FR has no effect on western hemlock growth was rejected; in fact, diameter growth of this species was greater where SNC resulted in low initial Douglas-fir FR. Likewise, western hemlock diameter growth increased as SNC intensified over the growth period, i.e. with further reduction in FR or decreasing DFR. The graphical residual analysis represented by residual vs predicted diameter growth indicated that the models provided a good fit to the data. On the original un-weighted scale, the western hemlock diameter increment model explained 70 per cent of the variation in diameter growth (Pseudo R 2 ¼ 0.7030), RMSE was 0.2501, MD was 20.0015 and MAD was 0.2143. Validation using 20 per cent of data produced a Pseudo R 2 of 0.6388, RMSE of 0.3290, MD of 20.0807 and MAD of 0.2638. The random plot effect and alternative variance -covariance structures in the linearized mixed-effects version of this model provided no improvement over the model that assumed zero covariance. Different variance -covariance structures, such as AR (1), compound symmetry, Toeplitz, and unstructured variance components, did not improve AIC. In fact, the AIC value was slightly higher with these variance -covariance structures compared with a model assuming zero covariance. Furthermore, residuals indicated better conformity of the nonlinear model to the assumptions of least-squares estimation.
In the graphical assessment of model (5), only the FR and DFR covariates were of interest; thus, other plot-level predictor variables were set to their mean values, i.e. CR was set at 0.7, H100 at 18.5 m and SI at 43 m. Diameter growth response was then evaluated over a range in initial western hemlock DBH (10 -40 cm), initial Douglas-fir FR (1.5 -3.5 years) and periodic annual change in Douglas-fir FR (20.4 to 0.5 year) (Figure 3) .
Assuming annual FR change was 0 for the growth period, the diameter increment of a western hemlock tree with initial DBH of 10, 20, 30 and 40 cm in a healthy stand (FR ¼ 3.5 year) was 0.36, 0.66, 0.83 and 0.86 cm year
21
. As Douglas-fir FR declined, diameter increment of western hemlock increased to the extent that, for the same initial diameters, increment increased by 16, 34, 55 and 79 per cent, on plots with FR of 3.0, 2.5, 2.0 and 1.5 years, respectively, relative to a healthy stand with FR of 3.5 years. For a given FR, western hemlock diameter increment was also affected by the change in Douglas-fir FR over the growth period. Specifically, 
Discussion
Pathogen-mediated competition is of increasing interest to a broad spectrum of ecologists, due largely to its alteration of vegetation dynamics relative to those in the absence of the pathogen (Holt, 1977; Alexander and Holt, 1998; Brown and Hastings, 2003; Burdon et al., 2006; Borer et al., 2007; Cobb et al., 2010) . In this regard, SNC has had a strong influence on stand dynamics of mixed stands of Douglas-fir and western hemlock. Presumably, the diminishing crown density of Douglas-fir trees with severe SNC allowed more light to penetrate further into the canopy and become more available to natural or planted western hemlock, relative to stands with little or no SNC symptoms. Likewise, SNC-induced growth reductions in Douglas-fir can enable hemlock to match or surpass Douglas-fir diameter growth (Zhao et al., 2013) , diminishing the usual competitive advantage of Douglas-fir (Wierman and Oliver, 1979) and leaving more resources available for compensatory western hemlock growth (Packee, 1990 ).
The relationships represented within the western hemlock diameter increment model were similar to those found in other diameter growth models that have been fitted to more comprehensive databases; for example, the tree size and stand variables all have effects on diameter increment that were expected from known aspects of stand dynamics (Wierman and Oliver, 1979) . The positive growth response of western hemlock trees to a decline in Douglas-fir FR and associated decrease in crown density was likely a direct consequence of greater resource availability to understory western hemlock, including light, water and nutrients.
The phenomenon of increased growth of non-host trees following defoliation of host-tree neighbours has been recorded following other pest outbreaks. Tulip-tree (Liriodendron tulipifera L.) and ash (Fraxinus spp.) exhibited increased diameter increment following defoliation of species more susceptible to Gypsy moth (Lymantria dispar L.) in the northeastern US (Muzika and Leibhold, 1999) . The effect of western spruce budworm defoliation on diameter growth of non-host species in the Rocky Mountains depended on species, pre-outbreak stand structure and the degree and duration of defoliation (Hadley and Veblen, 1993) , but ponderosa pine (Pinus ponderosa Dougl. ex Laws.) in particular responded positively to severe or extended outbreaks. These previous observations in other forest systems are consistent with the observed response of western hemlock diameter growth to Douglas-fir foliage loss, both at the scale of annual fluctuations related to recent weather conditions and at the scale of long-term intensification of SNC in response to climatic trends and other possible predisposing factors (e.g. Zhao et al., 2011; Figure 3) . This analysis of individual tree growth on GIS, PCT and CT plots from the SNCC quantified the statistically significant growth response of western hemlock to reduced Douglas-fir FR imposed by SNC. However, the gradient of increasing FR on Douglas-fir found in the Oregon Coast Ranges also parallels a gradient of declining hemlock abundance (Ohmann and Spies, 1998; Schrader, 1998) and, to some extent, a gradient in declining productivity (Meurisse, 1976) , suggesting that some caution must be exercised in interpreting cause and effect. Site factors related to the decreasing abundance of hemlock on a west-to-east transect include the warmer summer temperatures, lower precipitation and increasing vapour pressure deficits associated with distance from the Pacific Ocean (Taylor and Hannan, 1999) .These conditions are manifested in the poor performance of hemlock seedlings relative to Douglasfir under such conditions (Livingston and Black, 1987) . Western hemlock site productivity in the northern Oregon Coast Range has also been found to be negatively correlated with elevation (Meurisse, 1976) , a trend that is difficult to separate from all the other environmental factors that vary with distance from the Pacific Ocean. The elevational effect itself is largely climatic, although chemical and physical soil characteristics may also be involved (Meurisse, 1972) . Therefore, distance from the Pacific Ocean did not enter the model due to its correlation with FR.
Even in the absence of SNC, an improvement in hemlock growth relative to Douglas-fir would be expected very close to the Pacific Ocean. Although Douglas-fir generally exhibits greater height growth than western hemlock on the same site, this relative growth rate can vary by site type (Steinbrenner, 1976; Nigh, 1995) . Regardless, in the presence of SNC, Douglas-fir also suffers height growth loss ; hence, the un-impacted height growth of western hemlock is likely to render it even more Figure 3 Predicted annual diameter increment of western hemlock at different levels of initial FR of Douglas-fir and different degrees of periodic annual change in FR (other covariates in Equation (5) were set at their mean values, except for BAL, which was allowed to covary with DBH and other predictors; specifically, BAL ¼ 68.22262538 2 1.0493416×DBH + 0.00534963 ×DBH2 2 62.29489753 ×CR + 0.91673381 ×H100; R 2 ¼ 0.6945).
Forestry competitive as Douglas-fir suffers increasing foliage loss with closer proximity to the Pacific Ocean. Ultimately, the increase in diameter growth of western hemlock relative to Douglas-fir as SNC intensifies is predominantly but perhaps not entirely attributable to the reduced canopy density resulting from Douglas-fir foliar loss. Testing these effects separately would be difficult because geographic patterns in disease intensity are not independent of gradients in various climatic factors that control the growth of western hemlock even in pure stands.
In forests managed for timber production in the Oregon Coast Range, harvested stands are generally replanted to Douglas-fir or western hemlock (Briggs, 2007) ,with the favoured species dependent on site, market and disease conditions. It would be inappropriate to apply this diameter increment model to stands that do not match the target population for the SNCC studies included in the analysis, i.e. 10-to 60-year-old stands with at least 80 per cent initial Douglas-fir basal area. However, due to the severe impact of SNC on Douglas-fir growth in some of these stands , and the high fecundity of western hemlock (Packee, 1990) , particularly on moister sites occupied by this population, the shift in stand dynamics is important for making silvicultural decisions. Relative growth rate, yield potential and value differentials should all be considered in prescribing residual stand structure, especially with respect to species composition after thinning (e.g. Zhao et al., 2013) . The information provided by this analysis of western hemlock growth in Douglas-fir stands with varying intensity of SNC should help prioritize stands for silvicultural treatment, as well as guide selection of trees to retain during treatment.
